Infectious salmon anaemia (ISA) is an important infectious disease in Atlantic salmon farming causing recurrent epidemic outbreaks worldwide. The focus of this paper is on tracing the spread of ISA among Norwegian salmon farms. To trace transmission pathways for the ISA virus (ISAV), we use phylogenetic relationships between virus isolates in combination with spacetime data on disease occurrences. The rate of ISA infection of salmon farms is modelled stochastically, where seaway distances between farms and genetic distances between ISAV isolates from infected farms play prominent roles. The model was fitted to data covering all cohorts of farmed salmon and the history of all farms with ISA between 2003 and summer 2009. Both seaway and genetic distances were significantly associated with the rate of ISA infection. The fitted model predicts that the risk of infection from a neighbourhood infectious farm decreases with increasing seaway distance between the two farms. Furthermore, for a given infected farm with a given ISAV genotype, the source of infection is significantly more likely to be ISAV of a small genetic distance than of moderate or large genetic distances. Nearly half of the farms with ISA in the investigated period are predicted to have been infected by an infectious farm in their neighbourhood, whereas the remaining half of the infected farms had unknown sources. For many of the neighbourhood infected farms, it was possible to point out one or a few infectious farms as the most probable sources of infection. This makes it possible to map probable infection pathways.
INTRODUCTION
Knowledge on key infection pathways for infectious diseases greatly enhances the prospects of disease control as it allows targeted surveillance and intervention [1] . Recently, approaches based on mathematical and statistical models have been successfully used to disentangle infection pathways and risk factors in fish and animal farming. Keeling et al. ([2] , foot-and mouth-disease; [3] , foot-and-mouth-disease; Höhle ([4] , swine fever virus), Scheel et al. ([5] , ISA) and Aldrin et al. ([6] , ISA and other salmon diseases) all model the spread of diseases between production farms based on similar stochastic models where distances between farms play a prominent role.
A different approach to study the spread of diseases is through phylogeographic analysis of genetic data characterizing pathogens. Phylogeographic methods have, for example, been used to trace the global spread of avian influenza over the last decade [7] , as well as fine-scale local transmission pathways for the foot-and-mouth disease virus (FMDV) in the UK [8] .
In the FMDV study, epidemiological data relating to the timing of infection and infectiousness of farms were integrated with data on genetic relatedness of pathogens isolated from infected farm livestock, to construct the most probable infection pathways (transmission trees) between farms. One result from this study was that the projected most probable infection pathways were between farms that were located in closer proximity than expected by chance [8] . However, distances between farms were not explicitly a part of the FMDV model.
Infectious salmon anaemia (ISA) is an important disease in Atlantic salmon (Salmo salar L.) farming. Infections induce a systemic and lethal condition characterized by severe anaemia and variable organ necrosis. Morbidity and mortality are variable, but in severe cases, cumulative mortality may exceed 90 per cent during a three month period [9] . ISA has had recurrent epidemic outbreaks worldwide and most salmon-producing countries have been affected [9] . Since 2007, a large-scale epidemic of ISA has unfolded in Chilean salmon farming [10] , causing losses in the order USD two billion between 2007 and 2009 [11] . ISA is caused by the ISA virus (ISAV) within the family Orthomyxoviridae [12] . The virus has a segmented genome consisting of eight segments [13] . The haemagglutinin -esterase (HE) is encoded by the HE gene, which consists of a highly polymorphic region (HPR) and more conserved 5 0 part [14, 15] . The 5 0 part of the HE gene has been widely used for phylogenetic studies [16] [17] [18] .
Aldrin et al. [6] used a model where the rate of infection for a susceptible farm depends on (among other factors) the seaway distances from neighbourhood infectious farms, such that the probability of infection depends on the distance to infectious farms. The model is a stochastic continuous time model with location of the farms being fixed in time and can be seen as a spatial survival or event history model. The aim of the present study is to extend this model by including genetic distances between ISAV genotypes from different infected farms. Hence, both physical distances between farms and phylogenetic relationships between ISAV isolates play prominent roles in the model. Including genetic distance between ISAV isolates in the model introduces a source of information that is independent of physical distance. Combined, these variables enable a more accurate reconstruction of the space -time spread of ISA.
We model the rate by which a susceptible farm is infected by ISAV with genotype g. This infection rate is decomposed into two possible infection pathways: (i) infection from neighbourhood infectious farms and (ii) infection via other non-specified pathways, such as well boats transporting live fish or infected smolts. The rate of infection from neighbourhood farms decreases by increasing seaway distance to an infectious farm and by increasing genetic distance between the genotype g under consideration and the genotype g 0 at the infectious farm. The infection rate may also depend on characteristics of the fish populations at the susceptible and infectious salmon farms.
The model was fitted to data on ISA-infected salmon farms from February 2003 until August 2009 and used to predict the probability of neighbourhood infection versus other pathways for all ISA-infected farms. Furthermore, the most probable infection pathway between farms was estimated in an area where neighbourhood infection predominated according to model predictions.
DATA
The data used to model the spread of ISA in this paper are an updated version of the data used by Aldrin et al. [6] , including the period from February 2003 to August 2009. More importantly, genetic information on ISAV isolates is now included. Details on virus detection, sequencing and compilation of the genetic data are given in Lyngstad et al. [19] , whereas all data on salmon farms and salmon cohorts are described in Kristoffersen et al. [20] .
The present data include all 1201 Norwegian marine salmon farms with a standing stock of Atlantic salmon in any month from February 2003 to August 2009. For each salmon farm, the location and monthly figures of total biomass and the number of fish on a farm are given. Within the data period, each salmon farm normally had several consecutive periods of production of fish populations, interrupted by periods of fallowing (no fish on farm). The fish population within a production period is termed a cohort and the present data consist of 3202 cohorts, where a farm had between one and eight cohorts (see animation 1 in the electronic supplementary material).
Each cohort was classified into one of four categories; (i) autumn -smolt cohorts, (ii) spring -smolt cohorts, (iii) mixed cohorts, and (iv) relocated cohorts (see [20] ). Each category contained between 11 and 37 per cent of the cohorts. For autumn-smolt cohorts and spring-smolt cohorts, the median times from when they were stocked until they were removed were 13 and 17 months, respectively. Mixed cohorts consist of fish stocked several times during the production period, but treated as one cohort in our modelling approach, and stay in median 20 months at a farm. Relocated cohorts consist of fish moved from other farms and stay in median nine months at a farm. It was not possible to trace movement of cohorts in the present data.
As a measure of distance between farms, we calculated seaway distances, i.e. for a given pair of sites, the shortest path over sea water. This is motivated by the fact that ISA is an aquatic disease and that spread by passive diffusion in the water current is supported [21] . Hence, over a coastline like the Norwegian, with an abundance of islands and fjords, seaway distance is a more logical approximation to spread in the water current than the Euclidean distance. Seaway distances between all possible combinations of two farms within 100 km of each other were computed using ArcView extension Spatial Analyst (ESRI, Redlands, CA, USA). Distances of more than 100 km were truncated to 100 km. The geographical coordinates of the farms were downloaded from the aquaculture register of the Directorate of Fisheries (http://www.fiskeridir.no/). Details of the distance calculations are given in Kristoffersen et al. [20] . The various salmon farms had between 0 and 27 other salmon farms within a seaway distance of 10 km (median 5 farms).
Data on clinical diagnoses of ISA in fish cohorts were compiled from the Laboratory information system at Modelling the spread of ISA M. Aldrin et al. 1347 the National Veterinary Institute in Norway. The recorded month of an ISA diagnosis corresponds to the month when the first samples of fish were received at the National Veterinary Institute, and that shortly afterwards resulted in a clinical diagnosis of ISA on a given salmon farm. ISA is a notifiable disease in Norway. In the data period there were 72 recorded diagnoses of ISA, whereof 63 in 2004 or later (animation 1 in the electronic supplementary material). For convenience, a farm with a clinical diagnosis of ISA in a fish cohort is termed an ISA-infected farm in the following. Details regarding ISA diagnostics and regulations are given in the electronic supplementary material.
The ISAV HE gene was sequenced from all except six of the ISA-infected farms. Sequencing was performed on samples of kidney tissue and mostly from two individual fish (see below) sampled at the same time, and from each ISA-infected farm. We refer here to a specific sequence as a genotype. The genetic distance between two genotypes was calculated based on the 5 0 part of the HE gene. We used the Kimura 2 parameter model for nucleotide substitution [22] to calculate the genetic distances. The genetic distance between two sequences takes non-negative integer values 0, 1, 2, . . . , 1782 according to the Kimura 2 model. When more than one genotype was found in an infected farm, sequences with the least genetic distance between farms were used. Details regarding the ISAV HE gene sequences are given in the electronic supplementary material.
ISAV isolates are assumed to be related if the genetic distance between them is small. Six per cent of the pairs of ISAV isolates from different infected farms had genetic distance equal to 0; 6 per cent equal to 1; 7 per cent equal to 2; and the remaining 81 per cent of pairs had distances between 3 and 384.
METHODS
The stochastic infectious disease model in this paper is inspired by similar models on FMDV (e.g. [3] ). Furthermore, it is a direct extension of the model of Aldrin et al. [6] on ISA and two other fish diseases, also taking into account the genetic distance between ISAV isolated from different infected farms. However, the model of Aldrin et al. [6] included two terms that have been omitted from the main body of the present paper, since their effect on the spread of ISA was estimated to be exactly zero in the preliminary analyses of the data (see the electronic supplementary material).
The infection rate model
Our statistical model simultaneously includes all salmon farms in Norway. The core of the model is the rate by which a salmon farm is infected by a virus of a given genotype; cf. equation (3.1) below.
The time of an ISA diagnosis is recorded, but the actual time when a salmon farm becomes infected (the infection event) is unknown. There is always a time delay between the infection event and the recording of ISA on a farm. Here, we assume that this time delay is fixed and equal to six months for all infected farms. If this resulted in an infection time prior to the stocking of the cohort, the time of infection was set to the time of stocking. See Scheel et al. [5] for a discussion of the length of the time delay. In addition, we investigate the sensitivity of our results to the choice of time delay by refitting the model using a time delay of one, two, three or nine months.
Further, we assume that a fish cohort on a salmon farm is susceptible to infection from the time the cohort is stocked until it (and the salmon farm) becomes infected or it is removed from the salmon farm. When a cohort (and a salmon farm) becomes infected, it is assumed to be infectious from immediately after the infection event and until the cohort is removed (see fig. 1 in [6] ).
Let l gi (t) denote the rate by which salmon farm i is infected by a virus of genotype g at time t. Then, l gi (t) dt is approximately the probability that the salmon farm will be infected by a virus of genotype g in the small time interval from t to t þ dt. We assume that the rate is of the following additive-multiplicative form The three multiplicative terms in equation (3.1) are:
is susceptible at time t and 0 otherwise. -l b (t) is a time-varying rate of infection, common for all salmon farms and independent of space, called the baseline rate. This term is left unspecified, and cancels out in the partial likelihood used for estimation; see §3.2. -l ix (t) is a factor proportional to the susceptibility of salmon farm i, and functionally related to explanatory variables x that characterizes the fish cohort at fish farm i at time t; see §3.1.3.
We assume that conditioned on the history up to time t, disease transmission through a given pathway may occur independently of other pathways. As the infection rates or intensities are small probabilities, the contributions from the different pathways may then be added to a total infection rate. The two additive terms in equation (3.1) represent two possible transmission pathways:
describes the relative rate of infection at time t from infectious salmon farms in the neighbourhood, and it is related to the seaway distance to infectious farms and the genetic distance between the given genotype g and the genotypes of the viruses isolated from the infectious farms.
-l gi o (t) describes the relative rate of infection at time t via other (non-specified) pathways.
The infection pathways and expressions for susceptibility and infectiousness are presented in more detail in the following sections.
3.1.1. Distance. The component representing the relative rate of infection from infectious salmon farms in the neighbourhood can be decomposed into a sum of contributions from each salmon farm j that may infect salmon farm i with a virus of genotype g, denoted by l gij d (t). Specifically, the total relative rate attributed to distance by which salmon farm i is infected by a virus of genotype g takes the form l gi
Here, the contribution from salmon farm j is modelled as
s is the seaway distance between salmon farms i and j.
-f is a parameter that expresses the effect of the seaway distance on the risk of infection.
g is the genetic distance between genotype g and the genotype g 0 of the virus isolated from the infectious salmon farm j. Note that d ij g depends on the genotypes g and g 0 , but for convenience this is not given explicit in the notation.
-v is a parameter that expresses the effect of the genetic distance on the risk of infection. -l jz (t) is a factor proportional to the infectiousness of salmon farm j, and functionally related to explanatory variable z that characterizes the fish cohort at salmon farm j at time t. The variable z may, in principle, differ from the variable x used in the susceptibility factor l jx (t), but some variables may also be shared; see §3.1.3. -I j (t) is an indicator variable that is 1 if salmon farm j is infectious at time t, and 0 otherwise.
Note that positive values of f and v mean that there is a reduced risk of infection when seaway distance or genetic distance increases.
Other infection pathways.
ISA infection via other possible pathways accounts for other sources of infection, such as well boats, infected smolts or a potential reservoir of non-virulent ISAV that may mutate to virulent ISAV [23] . It can also include infection from other infectious fish farms, but where the infection remained undetected until slaughtering of the cohort. In the present application, the relative rate attributed to infection via other possible pathways is assumed to be constant in time and space, i.e. where the parameter u expresses the effect of other infection pathways.
3.1.3. Susceptibility and infectiousness. The susceptibility factor l ix (t) of equation (3.1) and the infectiousness factor l jz (t) of equation (3.2) can, in principle, vary continuously over time for each salmon farm, for instance, as a function of sea temperature. However, in our application, both factors are assumed to be constant for a fish cohort. The susceptibility factor l ix (t) depends on the category and the size of the cohort, and it takes the form: Here x a (t), x m (t) and x r (t) are indicator variables that are 1 if the cohort is an autumn, a mixed or a relocated cohort, respectively, while all these variables are 0 if the cohort is a spring cohort. Thus, the corresponding b-parameters measure the susceptibility of each type of cohort relative to a spring cohort. Furthermore, x i n (t) is the maximum number of fish in cohort i, measured in millions, during the production period. The coefficient b n measures the effect of the number of fish on the cohort susceptibility.
The infectiousness factor l jz (t) depends only on the size of the fish cohort at salmon farm j at time t, and it is given as l jz ðtÞ ¼ ðz n i ðtÞÞ a n :
ð3:5Þ
is the maximum number of fish in cohort j during the production period, which also is included in the susceptibility factor l jz (t), and the coefficient a n expresses the effect of the number of fish on the infectiousness. 3.1.5. Missing genotypes. The genotype is unknown for a few infected farms, with corresponding unknown genetic distances. In these cases, the unknown genetic distances d ij g in equation (3.6) are replaced by a parameter d, which is estimated from the data. Thus, the missing genetic distances are imputed by a common value that gives the best fit to the data. The interpretation of d is not of particular interest in itself. A short discussion of an alternative strategy for dealing with the missing genotypes is given in the electronic supplementary material.
Parameter estimation
The unknown parameters f, v, d and u, the four b's and a n are estimated by maximum partial likelihood [3, 24, 25] . The first four of these are constrained to be non-negative, because negative values of these are meaningless (e.g. with the consequence that the risk of infection could increase by increasing the distance to an infectious farm). The partial likelihood consists of a product of conditional probabilities.
We first consider the situation where ISAV isolated from an infected farm at time t is known to have genotype g. For this situation, we consider the conditional probability that salmon farm i becomes infected by a virus of genotype g at time t, given that one farm is infected by a virus of genotype g at that time. This conditional probability is given by where
is the sum over all susceptible salmon farms at time t. Here 'All' denotes the list of all salmon farms but remember that, by equation (3.1), l gk (t) ¼ 0 for a salmon farm k that is not susceptible at time t.
Next, we consider the situation where ISAV from an infected farm at time t is of an unknown genotype. Since there are only a finite number of possible genotypes ( §2), the rate of infection with ISAV of any genotype is the genotype-specific infection rates summed over all possible genotypes:
Here, we consider the conditional probability that salmon farm i becomes infected (by any genotype) at time t, given that one farm gets infected at that time. This conditional probability takes the form:
l Ái ðtÞ l ::ðtÞ ; ð3:9Þ
The partial likelihood consists of a product of the conditional probabilities given by equations (3.7) and (3.9). Its derivation and exact expression are found in the electronic supplementary material together with some other details regarding estimation.
Tracing infection routes
For an infected salmon farm i with ISAV genotype g and infection time t, the (model-based) probability that the source of the infection is a specific neighbourhood salmon farm j is given by Further, the probability that salmon farm i is infected by any of the neighbourhood salmon farms is Similar expressions can be used for infected farms with unknown genotypes. Thus, for some of the infected farms it may be possible to point out one or a few neighbourhood farms as the probable source of infection. This may be valuable information for understanding the infection process. Taking the average over all infected farms in equation (3.11), we obtain a measure of the overall relative importance of transmission from neighbourhood salmon farms.
RESULTS
We estimated the infection rate model using all infected farms recorded in the period 2004 to August 2009 as events in the partial likelihood. There were 63 ISAinfected farms in this period, whereof four had unknown genotypes of ISAV. The infected farms recorded in 2003 were used to initialize the statistical model for those recorded from January 2004 and onwards. The time delay was assumed to be six months. A change from six to one, two, three or nine months gave similar results (see the electronic supplementary material). With a time delay of six months, 10 of the 63 infection times were set equal to the stocking times. This is a consequence of our algorithm and does not necessarily mean that these fish cohorts were infected when they were stocked. However, eight of these 10 were relocated cohorts that had been in the sea at another farm, indicating that they may have been infected before they were re-stocked to a new salmon farm. Table 1 shows the estimated parameter values with 95% confidence intervals (CI). The f and v parameters, measuring the effect of the seaway and genetic distances, respectively, were both positive and significant (the CI is well above 0). The estimated value of f was 0.095, implying that the risk of infection from a neighbourhood farm decreases by about 60 per cent (exp(20.095 . 10) approx. 0.4)) when the seaway distance increases from 0 to 10 km. The estimated value of v was 1.42, i.e. for a given farm, the probability of infection from a specific source farm decreases by about 75 per cent (exp(21.42 . 1) approx. 0.25)) when the genetic distance increases from 0 to 1. There were no significant effects of the stocking categories of the fish cohorts, because none of the parameters b a , b m or b r were significantly different from 1, which is the reference value for the spring cohort.
Susceptibility (b n ) increased significantly by increasing cohort size, whereas infectiousness (a n ) was marginally non-significant ( p-value 0.06). However, when refitting the model with the stocking category parameters set to 1, the estimate of the infectiousness was almost unchanged, but became slightly significant ( p-value 0.04). The refitting had little effect on the estimates of other parameters (not shown).
A direct interpretation of the estimated value of the parameter u related to infection from other sources is difficult, since it must be seen in relation to the values of f and v. It is reasonable that u decreases when genetic distances are included, since the term exp(2v . d ij g
) is less than 1 for all genetic distances greater or equal to 1. Hence, it follows that u has to be smaller to give the same proportion of infection attributed to other sources. It is more useful to study the relative importance of infection from neighbourhood farms as the average of the expression in equation (3.11) over all infected farms. This average implies that the source of infection is attributed to neighbourhood infectious farms for about 43 per cent of the infected farms. Table 1 also includes parameter estimates of the model in Aldrin et al. [6] , which is equal to the model presented here without the gene effect, i.e. setting the parameter v to 0, for the same data period. Including or excluding the gene effect has little influence on the other parameter estimates, except for u. The CI for the seaway distance parameter f is slightly tighter when the gene effect is included. However, this does not mean that including the gene distance in the model is unimportant; it is shown below that the genetic information is indeed useful for predictions of the historic pattern of the spread of ISA.
Finally, included in table 1 are the estimates from Aldrin et al. [6] The infection rate model can be used to trace probable infection pathways between neighbourhood farms. Most infected farms were isolated in time and space, but there were also small space -time clusters of infected farms. In addition, since June 2007, there has been a series of diagnosed infections in Troms County (see animation 2 in the electronic supplementary material). The left part of figure 1 shows the most probable infection pathway for each infected farm in this epidemic cluster, for the full model with genetic information. The figure shows that the epidemic started at one farm (in blue), with ISA recorded in June 2007, and was further spread to 16 other farms within 2 years. The ISAV isolates from 15 of the infected farms had identical genotypes (genetic distance between isolates equal to 0). The ISAV isolates from the remaining two infected farms had a genetic distance of 1 to the isolates from the other infected farms and a distance of 2 between them.
For a comparison, the right part of figure 1 shows the most probably infection pathways estimated from the reduced model ignoring the genetic information. The pattern of spread was then more diffuse. Some extra possible infection routes appeared. These had probabilities approximately equal to 0 in the full model owing to large genetic distances. Furthermore, specific infection pathways with probabilities close to 1 in the full model tended to have lower probabilities in the reduced model.
DISCUSSION

Infectious salmon anaemia virus transmission and implications for disease control
In this paper, we present a stochastic spatio-temporal model for the rate of ISA infection among salmon farms, taking into account seaway distances between farms, genetic distances between ISAV isolates from different infected farms and other non-specified infection pathways. The model quantifies the importance of seaway distances between farms and suggests that 43 per cent of the ISA infection events between January 2004 and August 2009 were due to infection from neighbourhood salmon farms. We also demonstrate how the model can be used to trace probable routes of infection between farms in an area where farm to farm infection predominates according to model predictions. The most informative estimate from the present model is arguably the proportion of infected farms that are attributed to infection from neighbourhood farms. This estimate changed only marginally (from 47% to 43%) between the reduced model where the genetic distance effect was set to 0 and the full model incorporating genetic information. From this, it could be argued that the simpler model ignoring genetic information should be preferred since the inclusion of genetic distances did not contribute on the whole to explain the spread of ISA. However, when considering model estimates for individual ISA outbreaks, the inclusion of genetic information clearly increased the accuracy of the model. The distribution of probability estimates for infection from a neighbourhood farm was shifted towards 0 and 1 for individual infected farms in the full model (figure 2). Some infected farms shift from likely neighbourhood infection to probabilities of nearly 1 for other origins, owing to relatively large genetic distances between virus isolates from proximate infectious farms. These events were probably falsely connected to infection from neighbourhood farms in the Modelling the spread of ISA M. Aldrin et al. 1351 model where the genetic distance effect was set to 0. There were also farms for which the probability of infection from a neighbourhood farm increased in the full model. Some of these farms were typically located relatively distant to farms that were probable sources of infection. However, by introducing genetic distance into the relative infection rate, for these farms, the infection rate attributed to seaway distance increased compared with the infection rate from other sources. Hence, we argue that for predicting the source of infection at individual farms, model accuracy is increased with the inclusion of genetic information.
Previous modelling has shown that many of the ISA-infected farms in Norway appear isolated in space and time [5, 6] . However, the estimated relative importance of infection from neighbourhood farms was considerably increased in the present prolonged study period. This increase is due to the many infected farms occurring in a small area in the Troms County after 2007. In the core of this area, there was a high degree of genetic similarity between ISAV isolates implying estimates of close to 100 per cent certainty of neighbourhood infection for 16 ISA-infected farms in the area. This accounts for a large amount of the total proportion of infection by neighbourhood farms in the model.
The model was used to calculate the probability that the source of infection for a given infected farm had been a specific neighbourhood farm in the Troms County area (figure 1), when accounting for genetic distance versus not accounting for genetic distance. The two most distant infection pathways in figure 1 appear only in the right panel representing the model ignoring genetic distance effects. Owing to large genetic distances, the estimated probabilities for these pathways were close to 0 (less than 0.005) in the full model. Apart from this difference, the two models predict practically the same pattern of most probable infection pathways between farms. However, a noteworthy difference in the Troms County area is that the probabilities of the most probable infection pathways tend to increase in the full model. This is due to increasing relative infection rates for many of the given infection pathways where virus isolates were genetically similar. From this, we argue that the genetic information increases the accuracy of predictions of the historic pattern of the spread of ISA.
The estimated probabilities of the source of infection being a specific neighbourhood salmon farm are interesting for evaluating the distances over which such transmission may occur. Exemplifying this in the full model are two infection pathways in the Troms County area with seaway distances of more than 20 km and probability predictions of more than 0.9 for such transmission to have occurred. A further example is the southern most infected farm in figure 2. This farm was estimated to have been infected by a farm located about 30 km to the north, with a probability of 0.87. Distances of up to 30 km, however, exceed expected distances over which the disease agent may be infective by passive diffusion [26, 27] . One possible explanation is that the larger range transmission events predicted by our model are due to anthropogenic activity resulting in contagious contacts. Through a programme where all ISA-infected farms are followed up by collecting epidemiological data, we have checked for possible contagious contacts between the three pairs of farms where interfarm transmission was predicted over seaway distances extending 20 km. None of these pairs of arms shared ownership or any common source of salmon smolts, but two pairs of arms reported to have shared both the services of a common well boat used for fish transportation and the services of a common team of divers. This emphasizes the importance of high biosecurity standards in all aspects of salmon production and that there are many potential transmission processes for ISAV that could be adsorbed in to these away distance effects in our model by being facilitated by short distance. Epidemiological investigations identified numerous potential infectious contacts between an ISA-affected zone and neighbouring areas of Shetland [28] . Although these did not, in this case, result in spread of infection, ISA risk factors existed there at the scale of tens of kilometres. Even so, an important point to make here is that the risk involved in neighbourhood transmission extends well beyond 5 and 10 km. Distances of 5 and 10 km correspond to the radial extension of restriction zones and observationzones, respectively, that are enforced by the Norwegian Food Safety Authority around ISAinfected farms [29] . Cottam et al. [8] constructed the most probable transmission tree covering the complete history of known farm FMDV infections in the Durham area, UK, in the spring of 2001. This was accomplished by integrating the timing of farm infection events and infectiousness with information from genetic data. There are both similarities and differences in this approach that are interesting to compare with the present approach. An important difference relates to the nature of the pathogens. ISAV, as opposed to FMDV, exists in both low-and high-virulent variants [23] . The prevalence of low virulent ISAV is not known and their possible role as the source of ISA infection for isolated farms is not fully established [19] . Modelling the spread of ISA M. Aldrin et al. 1353
Nevertheless, it is informative to also model the part of the ISA disease history for which there is no coherent explanation at present. Timing of infection events is central both in the FMDV model and in the present ISAV model. Such timing narrows down the number of possible infectious contacts in both models. Owing to more detailed knowledge on the progression of FMDV infection in farm livestock compared with ISAV infection in salmon cohorts, the FMDV model is more finely tuned with respect to timing of events. It incorporates temporal likelihood profiles of infection events as well as farm infectiousness [8] . By comparison, infection events are fixed in time and a salmon cohort is considered infectious from the infection event and until the cohort is removed in the ISAV model. In this aspect, there is room for improvement of the present ISAV model. However, an important addition in the ISAV model, compared with the FMDV model, is that it incorporates the effect of seaway distance to infectious farms. This is a central part of the ISAV model since there is reason to believe that adjacent farms are connected with respect to transmission of fish pathogens through water contact [21, 30] .
In conclusion, nearly half of the ISA-infected farms in the period from January 2003 to August 2009 are suggested to have been infected by an infectious farm in their neighbourhood, whereas the remaining half were attributed to other, non-specified, sources. The model also suggests that the risk involved in neighbourhood transmission of ISAV extends well beyond the extension of control zones enforced to prevent the spread of ISA. For farms that are predicted to have been infected from neighbourhood farms, it is possible to point out one or a few specific farms as the most probable sources of infection. Genetic sequence information from ISAV isolates contributes to gained insight into the main pathways for the spread of ISA, with implications for the design of targeted control measures against the disease. A key measure to prevent the local spread of ISA is early removal of infectious fish [10, 28] . The present study suggests that such a control measure could be more efficient by intensifying ISAV surveillance in fish farms surrounding infected farms, and where the surroundings are extended to 20-30 km surveillance zones.
Model criticism and future developments
In about half of the infected fish cohorts, the genotypes of the ISA viruses were not the same for the viruses sequenced from two different fish. This may be due to errors in genotyping, mutations that occurred after a farm was infected, or that a farm has been infected more than once. The last possibility is not covered by the spatio-temporal model in equation (3.1), which only considers the occurrence of a single infection for each fish cohort. Our solution to the problem has been to use the least genetic distance between infected farms when fitting the model. A motivation for this choice was given in §2. Our choice is further supported by the finding that for the epidemic cluster in Troms County, a single genotype was found in 15 of the 17 infected cohorts (with the genotypes of the remaining two farms only having a genetic distance 1 from this genotype), while the other genotype varied from cohort to cohort. Nevertheless, we acknowledge that further methodological work is needed to obtain a complete satisfactory handling of cohorts with more than one genotype of the ISAV.
Other aspects of the present spatio-temporal model should be investigated further in future research. One obvious improvement would be to replace the seaway distances between salmon farms by a distance measure that takes into account information on the local sea current conditions, implying that the distance between two farms could depend on the directions (i.e. d ij = d ji ). For the moment, such information is only available for limited areas of the Norwegian coast, but will probably be available for whole of Norway within a few years. The importance of hydrodynamics has been demonstrated by Gustafson et al. [21] for ISA and by Viljugrein et al. [30] for pancreas disease.
Other parametric forms of the model could also be investigated. For instance, one could include an interaction term between the seaway distance and the genetic distance, or maybe more important, one could use other functional forms than the exponential for the decay of seaway and genetic distance. The parameter u, representing infection via other nonspecified infection pathways, is currently independent of genotype. It could be made dependent of genotypes, for instance by modelling u as an increasing function of the number of ISA diagnoses of each genotype during the last 3 years (say) in the whole of Norway. Furthermore, in our model the infectiousness is now assumed to be constant from the infection event until the infected cohort is removed. It could instead be modelled as a function that varies over time since infection. Systematic screening for ISAV on at least a sub-sample of farms may give valuable information on how infectiousness may change over time.
Our model assumes a fixed time delay from infection to the recording of ISA on a farm, and this time delay is common for all infected farms. This assumption is un-realistic, but has been adopted to simplify the model fitting. In the future, we wish to reformulate the present model as Bayesian hierarchical model, with a latent, un-observed infection process and an additional disease outbreak process modelling the time from infection to a recorded diagnosis of ISA. Such a model would allow the time delay to be stochastic with a distribution that can be estimated from the data. It would then also be possible to take into account infection episodes that never lead to a diagnosis of ISA, but where the infected farms are still infectious until the infected cohort is removed. Finally, the model can be extended to allow for fish cohorts being infected when stocked into the marine environment with a probability that can be estimated from the data. 
